We present and discuss the results of crystallographic and electron paramagnetic resonance (EPR) spectroscopic analyses of five tetrachloridocuprate(II) complexes to supply a useful tool for the structural characterisation of the [CuCl 4 ] 2À moiety in the liquid state, for example in ionic liquids, or in solution.
The variety of cations ranges from simple inorganic cations 4, [5] [6] [7] [8] to more complex inorganic 9, 10 as well as organic cations 5, which can be aryl-or alkyl-substituted ammonium, phosphonium, pyridinium, sulfonium, and imidazolium ions. N. S. Gill and R. S. Nyholm were pioneers in the syntheses of halidocuprates with a more complex organic cation, i.e., (As(C 6 H 5 ) 3 47 and E. N. Golubeva and co-workers presented investigations on tetrachloridocuprate(II) complexes as catalyst precursors for C-Cl bond metathesis. [48] [49] [50] Furthermore, Y. Iwasawa et al. reported an immobilised chloridocuprate(II) ionic liquid including its catalytic performance in the Kharasch reaction, 51 and J. Sundermeyer et al. used ionic liquids comprising a chloridocuprate anion for oxidation of trimethylphenol 52 or in oxidative methanol carbonylation. 53 [CuCl 4 ] 2À based ionic liquids have also been used as antimicrobial agents. 54 In 1974, R. D. Willett et al. 55 and R. L. Harlow et al. 56 described
Cu(II) complexes exhibiting thermochromism. The reversible colour change from green to yellow while increasing temperature is interpreted as a phase transition leading to a change in coordination geometry from square planar to distorted tetrahedral. Further studies on other thermochromic substances followed. 8, 35, [57] [58] [59] [60] [61] [62] 2001. 63 If the alkyl chain length is shorter the compounds are ionic liquids (ILs). Their thermotropic liquid crystalline behaviour and crystal structures have been further investigated using differential scanning calorimetry (DSC), powder X-ray diffraction (XRD) or polarizing optical microscopy (POM). [64] [65] [66] Furthermore, tetrachloridocuprates were also used as precursors for inorganic materials like copper sulfide nanoparticles 67 or copper chloride platelets. The latter were obtained from ILs or ionic liquid crystals (ILCs). [68] [69] [70] [71] There is still much interest in structure determination of chloridocuprates(II) because ''such a determination, when it is well done, ends speculation and provides us with the starting point for the understanding of every physical, chemical, and biological property of the molecule''. 72 Thus, there is an appreci- co-workers combined EPR measurements with a strain experiment where they observed an increasing intensity of the parallel part vs. the perpendicular part in the EPR spectrum of the stressed crystal. 95 The relaxation behaviour of Cu 2+ in a tetrahedral crystal field was studied by R. A. Vaughan.
96
The theoretical background of the tetrachloridocuprate system is well investigated. [97] [98] [99] Thus, it is also used as a model system for other copper systems. 100 In addition to the previously described tetrabromidocuprate series 1 we have now examined the tetrachloridocuprate complexes to provide a correlation of their experimental EPR data with the degree of distortion in the [CuCl 4 ] 2À moieties. To that end we synthesised five tetrachloridocuprates(II) and characterised them mainly by X-ray diffraction and EPR spectroscopy. The EPR-X-ray crystal structure correlation was further achieved via an extensive comparison with published data trying to answer the question: is there a way to predict or extract structural information on tetrachloridocuprate complexes only from EPR data?
Experimental

Chemicals
The following chemicals were used without further purification: copper(II) chloride dihydrate (99%, Alfa Aesar), potassium bromide (Uvasol, for IR spectroscopy, Merck), benzyltriethylammonium chloride (>98%, Merck), trimethylphenylammonium chloride 
Methods
The melting points were determined using a 'Mikroheiztisch Boetius'. Elemental analyses were carried out on an Elementar Vario EL III analyzer. Infrared spectra were recorded on a Perkin-Elmer type 16PC FT-IR spectrophotometer between 4000 and 400 cm À1 as KBr-Pellets (reference KBr).
EPR spectra were recorded at 9.4 GHz (X-band) using a Bruker CW Elexsys E 500 spectrometer and at B34 GHz (Q-band) using a Bruker EMX spectrometer.
For X-ray structure determinations the crystals were embedded in perfluoropolyalkylether oil and mounted on a glass fibre. Intensity data were collected at 210 K using a STOE Imaging Plate Diffraction System IPDS-2 with graphite monochromatized Mo-Ka radiation (l = 0.71073 Å) at 50 kV and 40 mA. The data were corrected by numerical absorption correction using the program X-Area (Stoe, 2004) as well as for Lorentz polarisation and extinction effects. The structures were solved by direct methods using SHELXS-97 104 and refined by full-matrix leastsquares on F 2 using the program SHELXL-97. 105 All nonhydrogen atoms were refined anisotropically. The hydrogen atoms were calculated in their expected positions and refined with U iso (H) = 1.2 U eq (C). . The contribution of the disordered solvent species was subtracted from the structure factor calculations but was included in the overall formula, the formula weight, the density, F(000) and m. For the visualisation of the structures the graphic program DIAMOND 107 was used.
CCDC 958653 (1), 958654 (2), 958655 (3), 958656 (4) and 958657 (5) contain the supplementary crystallographic data for this paper.
All quantum chemical calculations were done using the B3LYP hybrid functional together with an aug-cc-pVTZ basis as implemented in Gaussian09. 108 We employed the GaugeIndependent Atomic Orbital (GIAO) method to calculate the magnetic properties. 109 We note that the precise prediction of magnetic properties with hybrid functionals is not very reliable (see e.g. ref.
110 and references therein). However, here we focus on general trends for the structure-property relationship and the used methodology seems to work surprisingly well in the present case (see Discussion).
Results
In the following parts we present and discuss the results of the studied tetrachloridocuprate complexes which can be easily achieved by the reaction of copper(II) chloride and a chloride salt. We focus on structural information and EPR measurements supported by quantum chemical calculations (DFT) to investigate the structure-EPR relationship for this system.
Single crystal X-ray structures of the complexes
Only the structural features of the tetrachloridocuprate anions and their crystal packing, i.e., hydrogen contacts and CuÁ Á ÁCu and ClÁ Á ÁCl distances, are discussed due to possible interactions, because the cations do not provide any new information. The long hydrogen contacts, viz. C-HÁ Á ÁCl, must be considered as weak hydrogen bonds. In the following discussion of the crystal structures hydrogen bonds which were set to the sum of the van der Waals radii 111 minus 0.12 Å (Jeffrey criterion; for HÁ Á ÁA 2.83 Å) are given as well as weaker hydrogen contacts generated by the program SHELXL-97 105 (marked with *). Hydrogen bonds whose angle (D-HÁ Á ÁA) is lower than 1201 were cut off. 112 Possible hydrogen interactions are highlighted (dashed red lines) in the corresponding view of the crystal structure. The crystallographic data and refinement parameters for the copper complexes 1-5 are listed in Table 1 .
Bis(benzyltriethylammonium)tetrachloridocuprate(II) (1). (BzlEt 3 N) 2 [CuCl 4 ] (1) crystallises in the non-centrosymmetric space group P2 1 /c with four formula units per unit cell. Table 2 lists selected bond lengths and angles of the compound 1. The shortest CuÁ Á ÁCu distances are 8.79 and 9.30 Å, the intramolecular ClÁ Á ÁCl distances are between 3.42 and 4.11 Å. As expected the tetrachloridocuprate(II) moiety shows a distorted tetrahedral geometry. The crystal structure of 1 is stabilised by several hydrogen bonds (Table 3) . They occur between the chlorine atoms and the hydrogen atoms of the ethyl-CH 2 groups, weaker hydrogen contacts are also observed between Cl and the hydrogen atoms of the benzyl-CH 2 -group. Fig. 1 provides a stereoscopic view of the crystal packing of 1 including some of the hydrogen contacts.
Bis(trimethylphenylammonium)tetrachloridocuprate(II) (2). (Me 3 PhN) 2 [CuCl 4 ] (2) crystallises in the triclinic space group P1 with one formula unit per unit cell. The cations of the complex consist of an ammonium centre which is tetrahedrally surrounded by a planar phenyl ring and three methyl groups.
The [CuCl 4 ]
2À anion possesses a distorted tetrahedral geometry, the corresponding bond lengths and angles are listed in Table 4 . The shortest CuÁ Á ÁCu distances are 8.58 and 8.84 Å, the intramolecular ClÁ Á ÁCl distances are between 3.37 and 4.18 Å. Symmetry codes: (i) 1 À x, 0.5 + y, 0.5 À z; (ii) x, 0.5 À y, À0.5 + z; (iii) Àx, Ày, Àz. The crystal structure of (Me 3 PhN) 2 [CuCl 4 ] which is illustrated in Fig. 2 is also stabilised through several hydrogen bonds. The chlorine atom Cl4 for example exhibits three of these bonds which fulfil the Jeffrey criterion for a hydrogen atom of the phenyl ring and for hydrogen atoms of the methyl groups. Moreover, there are two weaker three-centered hydrogen interactions (Table 5) .
Bis(ethyltriphenylphosphonium)tetrachloridocuprate(II) (3). (EtPh 3 P) 2 [CuCl 4 ] (3) crystallises in the orthorhombic space group
Pccn with four formula units per unit cell. The phosphonium cation is tetrahedrally surrounded by an ethyl group and three planar phenyl rings. Similar to the previously discussed complexes the complex anion of 3 possesses a distorted tetrahedral geometry (Fig. 3) but shows the highest tendency towards a square planar geometry. The corresponding main bond lengths and angles are given in Table 6 . The shortest CuÁ Á ÁCu distances are 9.14 and 10.76 Å, the intramolecular ClÁ Á ÁCl distances are between 3.29 and 4.19 Å.
As well as the complexes 1 and 2 the crystal structure of (EtPh 3 P) 2 [CuCl 4 ] (3) is stabilised through hydrogen bonds. Stronger bonding occurs between the chlorine atom Cl2 and the hydrogen atom H18 of a phenyl ring (Table 7) and four hydrogen atoms are weakly hydrogen-bonded to chlorine atoms.
Bis(benzyltriphenylphosphonium)tetrachloridocuprate(II) (4).
(BzlPh 3 P) 2 [CuCl 4 ]Á2CH 2 Cl 2 (4) crystallises in the centrosymmetric space group C2/c with eight formula units per unit cell. The shortest CuÁ Á ÁCu distances are 10.39 and 10.61 Å, the intramolecular ClÁ Á ÁCl distances are between 3.41 and 4.13 Å. Table 8 lists selected bond lengths and angles of the distorted tetrahedral tetrachloridocuprate. Unlike the other complexes two solvent molecules, i.e. methylene chloride, are incorporated in the crystal structure of 4.
As seen in Fig. 4 there are also hydrogen contacts formed by the hydrogen atoms of the solvent molecules with the Symmetry codes: (i) x, y, 1 + z; (ii) 1 + x, y, z; (iii) x, 1 + y, À1 + z; (iv) À1 + x, 1 + y, z; (v) x, 1 + y, z. Symmetry codes: (ii) x, 0.5 À y, 0.5 + z; (iii) 0.5 À x, y, 0.5 + z. Jeffrey criterion, are observed between the benzyl-CH 2 groups and the chlorine atoms and weaker hydrogen interactions between the less acidic hydrogen atoms of the phenyl rings and the chlorine atoms (Table 9) . Fig. 5 crystallises in the monoclinic space group P2 1 /n with four formula units per unit cell. For compound 5 the highest tendency to tetrahedral geometry was determined. This also results in the shortest intramolecular ClÁ Á ÁCl distances that are between 3.39 and 4.07 Å. The shortest CuÁ Á ÁCu distances are 10.80 and 11.01 Å, compared to the other four complexes 5 shows the highest value for the copper-copper distance. The corresponding bond lengths and angles are presented in Table 10 . Hydrogen bonding interactions between the chlorine atoms and the hydrogen atoms of the cation that are shorter than 2.83 Å are not observed but there are two weak hydrogen contacts with a distance between 2.87 and 2.98 Å where hydrogen atoms of the phenyl rings are bonded to chlorine atoms (Table 11) .
Bis(tetraphenylarsonium)tetrachloridocuprate(II) (5). (Ph 4 As) 2 -[CuCl 4 ] (5) which is demonstrated in
EPR spectroscopy
To avoid or minimise line broadening in the EPR spectra, which is due to the magnetic interactions between the paramagnetic copper centres, a separation of these complex [CuCl 4 ] 2À anions is necessary. One possibility to realize such a separation is a diamagnetic dilution either by a solvent or by doping into a diamagnetic host lattice. In both cases structural changes might be induced by the dilution. Comparison of the exact structural parameters with the EPR parameters of the solid samples can only be achieved with sterically rather demanding cations, which should result in an adequate separation and with this a minimum of magnetic interactions between the tetrachloridocuprate(II) anions as it was already successfully applied to the tetrabromidocuprate series.
1 Fig. 4 Part of the crystal packing of (BzlPh 3 P) 2 [CuCl 4 ]Á2CH 2 Cl 2 (4) (disordered equivalent atoms are omitted). Table 9 Hydrogen bond geometry (Å, 1) for complex 4 Symmetry codes: (i) 0.5 + x, 0.5 À y, À0.5 + z; (ii) 0.5 + x, 0.5 À y, 0.5 + z.
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Despite this approach, however, the line broadening results again in a missing hyperfine structure resolution for the copper(II) ion with a nuclear spin for both Cu isotopes ( Cl; nuclear spin I = 3/2 each and a natural abundance of 75.76 and 24.24%, respectively) should theoretically result in a superhyperfine pattern which is also not resolved. This is mainly caused by the exchange broadening due to the still incomplete separation of the paramagnetic centres. The distances between the paramagnetic centres in the complexes 1-5 are (Fig. 6 and 7) . The g-parameters, g J and g > , were determined for the five complexes (Table 12) , but no coupling parameters could be extracted. For a better resolution these complexes were also measured at B34 GHz (Q-band), the spectrum of 5 is shown in Fig. 8 . The averaged g-values (g av ) were obtained through the following relationship between the anisotropic parameters of the g-tensor, eqn (1):
Quantum chemical calculations
We used the same model (Fig. 9 ) and computational approach to relate average cis-angles to g av -values as in the previous study for the tetrabromidocuprates(II). 1 A discussion with further details and the connection to the more sophisticated Continuous Symmetry Measure (CSM) methodology [113] [114] [115] can be found in ref.
1. Fig. 10 shows the energies relative to the minimum as a function of the cis-angle and the positions of the minimum are only slightly influenced by the environment. In contrast, the Mulliken charge and the bond lengths r are rather different in a solvent, where, however, only minute changes between acetonitrile and water can be observed. In the lower right panel of Fig. 10 one can see the clear correlation between the cis-angle and the Mulliken spin density on the Cu-ion. As for the tetrabromidocuprates(II), 1 this spin density on the Cu(II) is dominated by a d x 2 Ày 2 contribution (cf. the coordinate system in Fig. 9 ) and thus increases with large cis-angles, i.e., when the chloride ions move out of the xy-plane (Fig. 11 ). This is also reflected by the calculated values of g av , shown in Fig. 12 , which are also in good agreement with experiment.
Discussion
The coordination geometry of most tetrachloridocuprates is an intermediate between square planar (D 4h ) and regular tetrahedral (T d ). The geometry does not vary randomly. The factors which have an influence on the degree of distortion can be grouped into five categories: the Jahn-Teller effect, crystal field stabilisation, ligand-ligand repulsion, ligand-lattice interactions, and crystal packing effects. More details about these factors are given in Part 1: tetrabromidocuprates. 1 This structural flexibility is also in good agreement with the results of DFT calculations. The effect of the hydrogen bonds and/or the molecular packing on the structure of the reported tetrachloridocuprate(II) dianions (5), respectively. The tendency to a square planar geometry as is the case in complex 3 might be caused by a reduced effective charge on the chloride ions through these hydrogen bonds. If the electrostatic repulsion forces between the chloride ions dominate, a more tetrahedral geometry should be favoured. In the attempt of S.-K. Kang et al. 76 to correlate the EPR parameters (g av ) with the degree of distortion (F, i.e. the average of the biggest two angles, the trans-angles) of tetrachloridocuprate(II) complexes the EPR spectra were recorded in frozen glass (DMF : CH 2 Cl 2 = 1 : 1), where the structural situation might be totally different, due to the interaction with the solvent and possibly by the freezing process. Nevertheless this study concluded that the larger the trans-angle the smaller is the experimental g-value.
Here we correlate the measured EPR data in the pure solid substance with the structural parameters of our five tetrachloridocuprate(II) complexes and some other complexes reported in the literature. In contrast to the study mentioned above, the current study does not use the trans-angle, but the averaged cis-angle (i.e. the average of the smallest four Cl-Cu-Cl angles) in an attempt to increase the accuracy of the degree of distortion. Table 13 summarises the data extracted from literature and the new data obtained from our complexes. Fig. 12 reveals a to a more or less distorted or compressed tetrahedral geometry. This observed trend in increasing g-values with increasing cisangles is in a very good agreement with the calculated Mulliken spin density at the copper centre (Fig. 10 , lower right) and the trend of calculated g-values generated from the DFT calculations (black dots in Fig. 12 ). The fit of calculated and experimental values is even better than for the bromide series. 1 On this basis a correlation with exact structural parameters is possible.
We also correlate the anisotropy of the g-value of the investigated compounds 1-5 (Dg , Table 12 ) and a few data from literature where reliable values have been reported with the corresponding cis-angles which gives a good correlation (R 2 = 0.9448) for the experimental data (Fig. 13) . The reason why the correlation of the g-value anisotropy is not very useful can be seen in Fig. 14 
Conclusion
The aim of this work was, compared to the series of tetrabromidocuprates, the synthesis of a series of new tetrachloridocuprate(II) complexes and the correlation of their structure parameters, in particular the geometry of the [CuCl 4 ] 2À moieties, with the g av -value obtained from EPR measurements of the solid and pure (i.e. undissolved) complexes. In order to sufficiently separate the paramagnetic centres from each other sterically quite demanding cations were used. The EPR X-band spectra were again poorly resolved (no hyperfine structure), due to exchange broadening caused by incomplete separation of the paramagnetic centres. The Q-band EPR spectra allowed a more precise determination of the g-tensor parameters.
The complexes with the cations, benzyltriethylammonium, trimethylphenylammonium, ethyltriphenylphosphonium, benzyltriphenylphosphonium, and tetraphenylarsonium, crystallise as monomeric complexes and the X-ray structures show for all tetrachloridocuprate(II) anions a compressed tetrahedral geometry.
The key finding of this work is that there is a clear relationship between the tetrachloridocuprate geometry and the averaged g-value. Tetrachloridocuprates(II) with a geometry close to square Fig. 13 Correlation between the averaged cis-angles and the g-value anisotropy (numbers correspond to entries in Table 13 ). planar possess average g-values of about 2.12. With increasing distortion towards tetrahedral geometry the averaged g-values increase accordingly. For averaged cis-angles with values between 90 to 951 and larger than 100.751 unfortunately no complete data (X-ray and EPR) are available in the literature. The aim of this study was also not to achieve best resolution or the use of highly sophisticated EPR techniques but to provide an efficient tool to obtain structure information on tetrachloridocuprates [CuCl 4 ] 2À in liquids (e.g. solutions and ionic liquids) or
structurally not yet characterised solid samples by cw-X-band EPR spectroscopy. Thus, more investigations are required to fill the remaining gap as well as further refinement of the correlation to make it applicable for the structural characterisation of tetrachloridocuprate(II) complexes in general and those which are ionic liquids in particular. In combination with 
